5′-Chloro-5-dodecyl-2,4,2′-trihydroxyazobenzene (CDTA) impregnated XAD-4 resin (CDTA resin) was prepared, and applied to the preconcentration of trace aluminum from environmental water samples with satisfactory results. Aluminum was measured by flow-injection analysis (FIA) with fluorescence detection by using lumogallion after the preconcentration of aluminum with CDTA resin. Fe 3+ and other coexisting substances had no interference on the determination of aluminum by the present method. Chemical speciation of trace aluminum in environmental water was carried out by using the CDTA resin after the separation of aluminum species with ionic exchangers without changing the pH. About 50% of water-soluble aluminum in Lake Biwa was found to be aluminum organic species (anion species).
Introduction
Although aluminum has been considered to be virtually nontoxic for many years, recent studies have revealed its poisonous nature. Moreover, the differential toxicity of various aluminum species to aquatic and terrestrial organisms has been demonstrated. [1] [2] [3] In particular, it is important to clarify the species and behaviors of aluminum in soil and aquatic systems because the toxic effect of mobile aluminum on trees is thought to be one of the causes for forest decline in some areas of Europe, such as southern Germany. 4 High-performance cation exchange chromatography with fluorescence detection of aluminum-lumogallion complex has been applied to the chemical speciation of aluminum in natural water 5, 6 and soil extract solutions. 7 Tsunoda et al. have applied cation exchange and size-exclusion high-performance liquid-chromatographic methods with postcolumn fluorescence detection using 5-sulfo-8-quinolinol for the chemical speciation of aluminum in soilextract samples. 8 In a previous study, 9 FIA with fluorescence detection of aluminum by using lumogallion was applied to the chemical speciation of aluminum in soil extracts after the separation of aluminum species with ionic exchangers. As a result, a considerable percentage of water-soluble aluminum in soil samples was found to be complexes with humic substances. However, the chemical speciation of aluminum in environmental water samples, such as river water and lake water is still difficult, even using this method, because the concentration of aluminum in environmental water is very low compared to that in soil extracts. The column extraction technique for the preconcentration of trace metal ions by using ligand-impregnated adsorbents has been extensively studied. 10, 11 Lumogallion, which has a o,p,o′-trihydroxyazobenzene group, is selectively capable of forming a complex with aluminum, but its solubility in aqueous solution is high. 9 A lumogallionanalogue containing hexyl group has been synthesized and used for the fluorometric determination of trace gallium. 12 In this study, hence, 5′-chloro-5-dodecyl-2,4,2′-trihydroxyazobenzene (CDTA), which was a derivative of the o,p,o′-trihydroxyazobenzene group containing n-dodecyl group as a long alkyl chain, was newly synthesized, and CDTAimpregrated XAD-4 resin (CDTA resin) was prepared for the preconcentration of trace aluminum in environmental water samples. It was applied to the preconcentration of trace aluminum in environmental water samples. In addition, chemical speciation of trace aluminum in environmental water samples was performed by using CDTA resin after separating the aluminum species with ionic exchangers.
Experimental

Reagents and apparatus
Aluminum determination was performed as in a previous study. 9 The aluminum(III) atomic-absorption standard (1000 mg dm -3 ) (Wako Pure Chemicals, Osaka, Japan) was used as a stock standard. Hydrochloric acid of special grade, AA-200 (Tama Chemicals, Tokyo, Japan), was used throughout all procedures. All other chemicals were of the best commercial grade available.
The resin used was purified XAD-4 (20 -50 mesh; Organo, Tokyo, Japan). The XAD resin was gently ground by using a PTFE pestle and sieved with a nylon mesh sifter to obtain 60 -100 mesh grains. Then, the resin was soaked in an ethanol-2 M hydrochloric acid (1:1) solution overnight, washed with distilled water and dried under a vacuum. A strongly acidic cation exchanger with the sulfopropyl group on a polymer base (Tosoh Toyopak IC-SP) and a weakly acidic cation exchanger with the ethylcarboxyl group on a polymer base (Varian Bond Elut CBA) were used for the separation of aluminum species, which were the same as in a previous study. 9 The fluorescence of the aluminum-lumogallion complex was monitored with a Shimadzu RF-550 fluorescence detector. A Shimadzu ICPS-1000 III sequential plasma spectrometer and a Shimadzu AA-6650 atomic absorption spectrophotometer were used for metal determination. A Bruker A245PC NMR spectrometer and A Yanaco MT-5 element analyzer were used for structure analysis.
Environmental samples
The river-water samples and lake-water samples were collected from Kamo River and Lake Biwa, respectively. The Environmental water samples were filtered through a membrane filter (0.45 µm, Millipore).
Synthesis of 5′-chloro-5-dodecyl-2,4,2′-trihydroxyazobenzene (CDTA)
CDTA was synthesized according to a synthetic method for the lumogallion-analogue containing hexyl group. 12 The synthesis scheme of CDTA is shown in Fig. 1 . A 2-g volume of 2-amino-4-chlorophenol (13.9 mmol) was dissolved in 150 ml of 0.5 M hydrochloric acid solution, in which about 15 ml of 2.9 M sodium nitrite aqueous solution was gently added at 0˚C until the color of the solution completely changed to yellow; the mixture solution was then stirred at 0˚C for 30 min and gently added to 250 ml of an ethanol-1 M sodium hydroxide (1:1) solution containing 3.71 g of 4-n-dodecylresorcinol (13.9 mmol) at 0˚C. The resulting mixture was stirred at 0˚C for 5 h and acidified with 2 M hydrochloric acid. The filtrate was recrystallized three times with an ethanol-distilled water (1: 
Preparation of the CDTA-impregnated resin
CDTA-impregnated resin (CDTA resin) was prepared by taking 7 g of the dry resin in a polypropyrene (PP) beaker and adding 150 ml of an ethanol-0.2 M sodium hydroxide (1:1) solution containing 0.4 g of CDTA. Then, the solution was stirred with a magnetic stirrer and gradually neutralized with 1 M hydrochloric acid. After filtering, the CDTA resin was soaked in 2 M hydrochloric acid solution overnight, washed with distilled water several times and dried under a vacuum.
Preparation of the column
The CDTA resin (2 g) suspended in an ethanol-distilled water (1:4) solution was slurry-packed in a Teflon column (30 mm × 6 mm i.d.) fitted with porous PP filters (400 mesh) and Teflon stopcocks. The column was rinsed successively with 2 M hydrochloric acid and distilled water before use. After completion of each experiment, the column was rinsed with 2 M hydrochloric acid and distilled water, and stored until use.
Procedure for the distribution of CDTA between the aqueous phase and XAD resins
In order to investigate the stability of CDTA-impregnated XAD resin against various pH solutions, the distribution of CDTA between the aqueous phase and XAD resin was measured. A 0.8 g of CDTA resin was suspended in 100 ml of an aqueous solution (pH 5) and 2 M hydrochloric acid under ultrasonic irradiation for 30 min, and then the resin was filtered off. For 2 M hydrochloric acid, dissolved CDTA was determined by measuring the absorbance at 450 nm directly with a spectrophotometer. For the aqueous solution (pH 5), after the filtrate was adjusted to pH 1 with hydrochloric acid, the dissolved CDTA was extracted in 2 ml of dichloromethane and determined by measuring the absorbance at 450 nm.
Procedure for the preconcentration of aluminum with the CDTA-resin column
A 1000 ml of a test solution (pH 5) containing aluminum was passed through a CDTA-resin column in a constant-temperature bath of 60˚C at a flow rate of 3.3 ml min -1 . Adsorbed aluminum on the CDTA-resin column was desorbed by backward-flow elution with 10 ml of 2 M hydrochloric acid at a flow rate of 0.2 ml min -1 . The effluent was diluted to 25 ml with distilled water after adjusting to pH 3 with 2 M sodium hydroxide. The aluminum concentration in the effluent was determined by the FIA method with lumogallion. 9 The analytical blank was measured by passing 10 ml of 2 M hydrochloric acid through the column and treating the effluent in the way mentioned above.
A 1000 ml portion of a filtered environmental water sample was adjusted to pH 5 before preconcentration; the subsequent treatment was the same as the procedure for the test solution.
Procedure for the speciation of aluminum in environmental water samples using cation exchangers before the preconcentration with the CDTA-resin column A 1000 ml portion of the aluminum solution with or without oxalic acid or malic acid was passed through each cation exchanger at a flow rate of 4.0 ml min -1 . The aluminum concentration in the effluent was determined by the FIA method with lumogallion after the preconcentration described above.
Chemical speciation of aluminum in environmental water samples was carried out using a strongly acidic cation exchanger without changing the pH and ionic strength of the samples.
The concentrations of humic substances in environmental water samples were determined by a previous method. 13, 14 Fulvic acid obtained from the A-horizons of brown forest soil (Dystric Cambisol, Dando, Aichi, Japan), which was prepared by the IHSS (International Humic Substances Society) method and supplied by the Japan Humic Substances Society, was used as a standard of humic substances without purification.
Equilibrium calculations
Estimates of aluminum species were made using a chemicalequilibrium program for the personal computers developed by ) is present and the calculations will not converge. The application of a simple graphical method involving the POINTER function, which can locate all real roots of any equation within a selected interval, to analytical calculations, such as acid-base, has been presented by Freiser et al. 15 We then calculated the chemical species of aluminum based on BASIC by modifying their method. The stability constants of the aluminum species were cited in previous papers. 8, 9 In the case of the absence of a chelating reagent, the concentration of aluminum (CAl) 
The chemical species of aluminum in the presence of dicarboxilic acid could be calculated by making the value of PAlL minimum for a given concentration of Al 3+ .
Results and Discussion
Properties of the CDTA resin
The amberlite XAD-4 resin, which is a styrenedivinylbenzene copolymer, has been widely used as adsorbents of organic materials because of their organophilic nature, which is due to its hydrophobic surface and macroporous structure. 16 The 7-dodecyl-8-quinolinol (DDQ) impregnated XAD-4 resin has been used for metal analysis in seawater. 11 In the present work, CDTA impregnated XAD-4 resin was synthesized, and its application to the preconcentration of trace aluminum in environmental water was investigated. In order to investigate the stability of CDTA-impregnated XAD-4 resin against acidic aqueous solutions, the distribution of CDTA between the XAD resin and the aqueous solution was measured by the procedure mentioned above. The logarithm of the distribution ratio of CDTA between the aqueous phase and XAD-4 resin was higher than 9.0 and 7.3 for an aqueous solution of pH 5 and 2 M hydrochloric acid, respectively. The distribution ratio (D) is defined as D = [CDTA on the resin (mol/kg)]/[CDTA in the aqueous phase (mol/L)]. It was reported that the logarithm of the distribution of DDQ between the aqueous phase and XAD-4 resin was 6.7 and 5.4 for the buffer solution of pH 8 and 2 M hydrochloric acid, respectively. 11 The distribution ratio of CDTA for the XAD resin was much higher than that of DDQ. The difference in the distribution ratios of both reagents is probably due to the difference in hydrophobicity. From these results, it was found that the CDTA-impregnated XAD-4 resin was very stable and could be repeatedly used for the preconcentration of aluminum.
Preconcentration of trace aluminum from environmental water samples by using a CDTA-resin column
Some preliminary examinations were carried out for the preconcentration of aluminum from environmental water samples by using a CDTA-resin column. The effects of the pH, temperature and flow rate on the adsorption of 20 ppb aluminum on the CDTA-resin column were investigated. A quantitative adsorption of aluminum was obtained in the pH range of 4 to 5 (Fig. 2) . Aluminum sorbs quantitatively at temperatures above 50˚C. From these results, the adsorption of aluminum on the CDTA-resin column was carried out at 60˚C after adjusting the pH of a solution containing aluminum to 5. The adsorption recovery of aluminum was almost 100% at a flow rate of even 3.3 ml min -1 , which was the maximum rate of the peristaltic pump used. Then, 3.3 ml min -1 was chosen as the flow rate for adsorption to adsorb aluminum rapidly. The influence of the sample size was studied upon changing the sample volume containing 20 ppb aluminum. The recoveries of aluminum obtained with the proposed procedure were over 98%, ranging in sample size between 40 and 1000 ml. Hydrochloric acid of special grade, AA-200 (Tama Chemicals), was used for the elution of aluminum collected in the CDTAresin column. The effect of the HCl concentration on the elution of aluminum from the CDTA-resin column with back flushing was investigated (Fig. 3) . Aluminum was recovered from the column with 10 ml of HCl higher than 2 M. Therefore, 10 ml of 2 M HCl was used as an eluent for the next experiment.
The effect of coexisting organic materials on the adsorption of aluminum was investigated using citric acid and fulvic acid. The adsorption of aluminum decreased at more than 100 ppb of citric acid and at more than 1000 ppb of fulvic acid (Fig. 4) . Figure 5 shows the effect of the coexisting iron concentration on the adsorption of aluminum. The adsorption of aluminum decreased at more than 1000 ppb of Fe 3+ . The permissible amount of F -was 400 times compared to the amount of Al 3+ . Other ions, such as Na + , K + , Ca 2+ , Mg 2+ , SO4 2-and NO3 -, showed no interference with the adsorption of aluminum.
Since the analytical blank was 2.26 ± 0.02 µg (n = 5), the detection limit of aluminum in the environmental water samples for the procedure given in the experimental section was 0.06 ppb. The detection limit was defined as 3-times the standard deviation of the analytical blank. The relative standard deviation (RSD) values of 0.1 ppb and 0.2 ppb of aluminum were 7.3% and 3.8% (n = 5) at a concentration factor of 40, respectively.
Furthermore, the recovery of aluminum was investigated when the known amounts of aluminum were added to the environmental water samples. A 1000 ml portion of a riverwater sample (Takano River) in which 5.0 µg of aluminum was spiked (the pH of which was adjusted to pH 5) was passed through the CDTA-resin column. The aluminum concentrations in river water samples before and after the spiking of aluminum were 4.99 ppb and 10.09 ppb, respectively, and the recovery was 102%. The recovery of aluminum was quantitative when known amounts of aluminum were added to water samples of Kamo River and Lake Biwa.
Speciation of trace aluminum in the presence of carboxylic acids
In a previous study, 9 it was clarified that aluminum organic complexes (anion species) could be specified from other species by using a strongly acidic cation exchanger in the pH range of 3 to 5. Furthermore, aluminum species in environmental water samples could be classified into three categories by an experiment using both strongly and weakly acidic cation exchangers at around pH 5: (i) Al 3+ and Al-OH complex, (ii) aluminum organic complexes (cation species), and (iii) its anion species. Then, the speciation of trace aluminum (0.1 ppb) in the presence of oxalic acid or malic acid at pH 5 was carried out using two kinds of cation exchangers, and the results were compared with the values estimated from an equilibrium calculation (Table 1 effluent was determined by the FIA method with lumogallion after preconcentration using a CDTA-resin column. Both results were in good agreement with each other, which means that the chemical speciation of aluminum using the cation exchangers before the preconcentration with a CDTA-resin column can be applied to the speciation of trace aluminum in environmental water samples.
Chemical speciation of trace aluminum in environmental waters
Chemical species of aluminum in environmental water samples collected from Kamo River and Lake Biwa in April 2002 were performed by the present method.
The concentrations of total aluminum and aluminum organic complexes (anion species) are listed in Table 2 . The pH, TOC and concentrations of humic substances in water samples were also measured and are listed in Table 2 . The concentrations of aluminum in Kamo River were in the range of 2.09 ppb to 4.93 ppb. The aluminum concentrations in the lower stream were higher than those in the upper stream. The ratios of aluminum organic complexes (anion species) in the lower stream were also higher than those in the upper stream. The concentrations of aluminum in Lake Biwa were in the range of 4.04 ppb to 5.71 ppb. The aluminum concentrations in the southern basin of Lake Biwa (Katada, Sakamoto) were higher than those in the northern basin of Lake Biwa (Hikone). About 50% of watersoluble aluminum in Lake Biwa was found to be aluminum organic species (anion species).
From results of the fractionation of dissolved organic carbon (DOC) in Lake Biwa, it was estimated that hydrophilic acids, such as humic substances and hydrophilic acids, were about 25% and 45%, respectively. 17, 18 Humic substances may contribute to the formation of aluminum organic complexes. Carboxylic acids, such as oxalic acid, may also form organic complexes with aluminum.
Conclusion
In this study, the CDTA impregnated XAD-4 resin was synthesized for the preconcentration of trace aluminum in environmental water samples. Trace aluminum was measured by the FIA method with lumogallion after using a CDTA-resin column. Fe 3+ , humic substances and other coexisting substances had no interference on the determination of aluminum by the present method. The determination limit was 0.1 ppb (RSD = 7.3% (n = 5)). Chemical speciation of trace aluminum in environmental water was carried out using the CDTA resin after the separation of aluminum species with ionic exchangers.
About 50% of water-soluble aluminum in Lake Biwa was found to be aluminum organic species (anion species). 
